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© 2019 TheA new method for preparing multi-layered graphene oxide powder was developed. In this method, the raw material
was commercially available micro-sized graphite powder. The graphite powder was milled using a high speed attri-
tor mill to reduce the particle size of the graphite to nanometer and to exfoliate the graphite into multi-layered gra-
phene particles. The graphene particles were then oxidized into graphene oxide (GO) using the combination of
strong oxidizing agents, thermal oxidizing, and sonication. Thorough morphological characterizations have been
carried out to reveal the structure and the size of GO particles. The results confirmed that the oxidation process
was successful.
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The graphene material can be used in various applications,
because of its unique properties, such as high Young's modu-
lus values, excellent thermal conductivity, and the mobility of
charge carriers [1]. The first applications of graphene were in
the field of electronic devices, owing to its electronic charac-
teristics [2–4]. Moreover, the graphene has more other inter-
esting properties, such as high strength and stiffness, excellent
thermal properties, and promising biocompatibility [5].
However, the main problem with graphene is that it cannot
be produced in large quantity up to now, which makes the in-
dustrial use difficult. It is well known that graphite does not
readily exfoliate to yield monolayer graphene sheets. The
other problem is that the graphene sheets are hard to be incor-
porated and distributed homogeneously into various matrices
for applications. Graphite oxide, containing abundant oxygen-
based groups, not only can be obtained easily from the oxida-
tion of graphite, but also can be readily exfoliated to graphene
oxide (GO) nanosheets. In many studies, GO is regarded as
the precursor to produce reduced graphene oxide (rGO) by
chemical and thermal reduction [6–8].
GO can be readily modified for a particular use due to the
presence of abundant oxygen-containing functional groups
and can be used as functional materials for various applica-
tions [9–12]. In addition, GO materials, which are biocompati-
ble and hydrophilic, have wide potential applications in
biomedical engineering and biotechnology. [12].
There are different ways to prepare GO powders. Firstly,
one possible way is when graphite powder is oxidized to pro-
duce graphite oxide, which can be readily dispersed in water
or another polar solvent due to the presence of hydroxyl and
epoxide groups across the basal planes of graphite oxide and
carbonyl and carboxyl groups located at the edges [13–15].
Secondly, bulk graphite oxide can be exfoliated by sonication
to form colloidal suspensions of monolayer, bilayer, or few-
layer GO sheets in different solvents [1]. The critical point of
preparing GO is the selection of suitable oxidizing agents to
oxidize graphite. The most commonly used method was
reported by Hummers in 1958 [16]. In this method, the oxida-
tion of graphite to graphite oxide is accomplished by treating
graphite with a mixture of concentrated H2SO4, NaNO3, andcorrespondence: furko.monika@energia.mta.hu
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completion at temperatures below 45 °C. However, in the oxi-
dizing process, toxic NOx and ClO2 gases are generated by
the reactions. To solve this problem, some modifications based
on the Hummers' method have been carried out [17–20]. Kov-
tyukhova [17] used a pre-oxidizing procedure with H2SO4,
K2S2O8, and P2O5. The C/O ratio of the oxidation product
was 4.0:3.1, proving that this was richer in oxygen than the
graphite oxide prepared using the Hummers' method. The
method proposed by Kovtyukhova is regarded as the modified
Hummers' method. Marcano [21] proposed another method,
which was named as the improved Hummers' method. The
improved Hummers' method, using KMnO4, H2SO4, and
H3PO4 as the oxidizing agents, avoids the release of NOx and
yields a greater amount of hydrophilic oxidized graphite mate-
rial compared to the original Hummers' method. Higginbo-
tham et al. discovered that by H3PO4 addition to the multi-
walled carbon nanotubes, more GO nanoribbons were pro-
duced with more intact graphitic basal planes [22]. There are
reports on preparing GO by the so-called chemical free syn-
thesis by a hydrothermal route (Tang-Lau method) [23], in
which they used glucose, fructose, and sugar as major ingredi-
ents to obtain GO powder.
In this work we propose a new, environment-friendly, and
economic method for preparing GO powder on a large scale
using commercially available graphite powders. The method
consists of chemical and thermal oxidation steps. The structure
and morphology of the prepared powders are thoroughly ex-
amined by SEM and TEM measurements, as well as Raman
spectroscopy.
2. Experimental
2.1. Preparation of Multilayer Graphene (MLG). The
raw material was synthetic graphite powder (Sigma Aldrich,
<20 μm, Synthetic). The graphite was milled in a high
efficient attritor mill (Union Process, type 01-HD/HDDM)
equipped with zirconia discs and grinding media (diameter of
1 mm) in a 750-mL silicon nitride tank. The ball milling was
run with a rotation speed of 3000 rpm for 10 h in ethanol
media.
2.2. Synthesis of Nano-Sized GO Powder. The previously
prepared MLG nanosheets were then treated in 3 steps. First,
the powders were dispersed in cc. HNO3 solution and stirredmiai.com
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dispersion under continuous stirring and kept at room
temperature for 16 h. The dispersion was then filtered using
filter paper grade 3, and the filtrate was washed/rinsed with
30% H2O2 and 96% ethanol and dried at 150 °C in air (GO1).
In the second step, the dried powders were collected and put
into an oven (Denkal 4 K/1100) and heat-treated at 850 °C for
thermal oxidation (GO2). Finally, a portion of treated powders
were dispersed again in 96% ethanol and sonicated in an
ultrasonic bath (Elmasonic E60H) for 3 h at 70 °C to examine
the effect of ultrasound on the exfoliation rate of GO
multilayers, and then, the solvent was evaporated at 80 °C
(GO3).
2.3. Characterization Techniques
2.3.1. Scanning Electron Microscopy (SEM) Study and
Energy-Dispersive X-Ray Spectroscopy (EDX) Elemental
Analysis. The morphological properties of the layers were
studied using SEM and focused ion beam (FIB) measurements
with LEO 1540XB Crossbeam workstation. The beam param-
eters in the SEM imaging mode were 5-keV beam energy and
30-um aperture size, and Everhart-Thornley and InLens sec-
ondary electron detectors were used. The ion beam parameters
in the FIB milling mode were 30-kV accelerating voltage and
5-nA beam current. For SEM/FIB measurements, the samples
were tilted at 36° angle. The electron beam parameters for the
EDX were 8 keV beam energy. A Röntec Si (Li) detector and
Bruker Esprit 1.9 software had been used for the EDX
measurements.
2.3.2. Transmission Electron Microscopy Measurements.
TEM measurements were performed to study the structuralFigure 1. SEM images of graphite (a), MLG (b), and the different GO powd
2properties of the investigated samples (TEM, Philips CM-20)
with an accelerating voltage of 200 kV. For the TEM studies,
QUANTIFOIL Cu grids were used with holey carbon foil.
2.3.3. Raman Spectroscopy Measurements. The specific
chemical bonds in the samples were detected using Raman
spectroscopy. A Renishaw 1000 B micro-Raman spectrometer
attached to a Leica DM/LM microscope was used to examine
the samples at room temperature in a wavenumber range of
150–3500 cm−1 with 435-nm laser excitation. The spectral res-
olution of the system is 2.5 cm−1 and the diameterof the exci-
tation spot is 1 μm.
3. Results and Discussion
3.1. Microstructural Analysis by SEM Characterization.
Figure 1 shows the SEM images of graphite, multilayer
graphene, and GO particles. The precursor graphite powder
revealed large particles with rectangular and rod-like shapes in
micrometer sizes. The size of these particles is not uniform.
The typical wrinkled lamellar and multilayered structure of
the particles is clearly visible in the case of the MLG powder.
The thin platelets are closely stacked and compacted. After
chemical oxidization treatment (GO1), the graphene have
become even more exfoliated, and individual GO sheets can
be observed with wrinkled edges. After thermal oxidization,
the morphology of GO particles has changed, and smaller-
sized platelets (100–600 nm) have appeared along with the
larger plates. It has been observed that the GO platelets in this
case have been well oriented and parallel with one another.
The edges of the platelets have become more corrugated uponers GO1 (c), GO2 (d), and GO3 (e)
Figure 2. EDX elemental analysis of MLG and the different GO
particles
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visibly reduced the size of the GO particles (GO3) and small
flake-like particles also appeared. The size of the GO particles
varied within a large scale between 50 nm and 500 nm.
3.2. EDX Analysis. EDX measurements have been
performed to prove the presence of oxygen in the GO
samples. It can be seen in Figure 2 that the intensity of the
oxygen peak has become slightly larger by applying the
oxidation processes.
3.3. TEM Characterization. The layered structure and
high electron transparency of MLG is clearly visible in
Figure 3a. The individual graphene layers are stacked by van
der Waal's forces, leading to the formation of multi-layered
structure. The GO samples demonstrate a quite similar
morphology in the case of half a micron rectangular GO partsFigure 3. TEM images of MLG (a) and the different GO powders
GO1 (b), GO2 (c), and GO3 (d)(Figure 3b–d), and the pieces are plate-shape but a little bit
more separated from each other. In addition, the appearance of
nanosized disordered regions with different morphology can
be noticed in Figure 3b–d.
The two major features in GO samples are the graphitic re-
gions (graphene-like) and the high contrast disordered regions,
which indicate areas of high oxidation [24].
During the graphitic exfoliation and oxidation processes,
oxygen-containing groups incorporate into the graphene
layers, resulting in a change in morphology [25]. Pacile [26]
also described that the structure of GO sheets consists of or-
dered regions, along with disordered oxygen-containing func-
tional group areas.
3.4. Raman Spectroscopy Measurements. Raman
spectroscopy is a useful method to examine the disorders and
defects in the crystal structure, so it is often applied to
characterize graphite and its derivatives [27–30]. Figure 4
represents the Raman spectra of graphite, MLG, and the
different GO powders.
The characteristic D, G, 2D, and D + G peaks of graphene
and GO materials are visible in all cases. The D peak (at
around 1340 cm−1) represents the breathing mode of aromatic
rings arising from the defects that is created due to the intro-
duction of oxygenated groups into the sample and also due to
the first order resonance. The D-peak intensity is therefore of-
ten used as a measure of the degree of disorder and the sp3
bonding in graphene [28]. The peak ‘G’ is an in-plane vibra-
tional mode involving the sp2 hybridized carbon atoms that
comprise the graphene sheet, and its position is highly sensi-
tive to the number of layers present in the samples [27, 31]. In
our case, the C-C sp2 network of MLG and GO platelets gen-
erates an intense G peak at 1565 cm−1.
It is visible that the GO samples have D peaks with higher
intensity and their intensity increases with oxidization pro-
cesses. A larger D peak along with a large bandwidth suggests
a significant structural disorder in GO. Moreover, the lower
intensity of D peak compared to the G peak shows partial oxi-
dation of MLG. It is reported that when defects and disorders
exist in the carbon-based materials with graphite structure, a
D peak around 1620 cm−1 is induced as the shoulder of G
peak, which not only enlarges the bandwidth of the G peak
[32, 33], but also raises the intensity of D peak.
The peak ‘2D’ at around 2690 cm−1 is the second order of
the D peak, referred to an overtone of the D peak, and it is theFigure 4. Raman spectra of graphite, MLG, and the different GO
samples
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is conventionally assigned to the number of graphene layers.
The ‘D + G’ is a defect activated peak [36]. In addition, the
2D peak is also attributed to double resonance transitions
resulting in the production of 2 phonons with opposite mo-
mentum. Unlike the D peak, which is Raman active only in
the presence of defects, the 2D peak is active even in the ab-
sence of any defects. It is reported that a red shift of the Ra-
man 2D peak to <2660 cm−1 signifies the formation of pure
and single-layer graphene [34]. A slight defect-activated peak
called D + G is also visible at around 2905 cm−1 [37, 38].
Ferrari et al. described that the intensity of 2D peak is de-
creased and their bandwidth significantly broadened by the in-
crease of the number of graphene layers to form graphite.
Moreover, the 2D peak gradually separates into multiple
peaks, because the interaction of each graphene plane splits
the electronic bands [27]. The disorder and the amount of
structural defects are determined by the intensity ratio between
the disorders induced by the D peak and the Raman-allowed
G peak (ID/IG) [27].
The ID/IG value of the MLG was as small as 0.069. The in-
tensity ratio of I2D/IG is generally used to estimate the num-
ber of graphene layers [31, 39, 40]. In our case, the I2D/IG
ratio was 0.335 for MLG. In comparison, the I2D/IG value of
the graphite particles is 0.02, which is much smaller than that
of the multilayer graphene. The defects in MLG particles
might arise from the mechanical milling process. For GO par-
ticles, larger numbers were measured, ID/IG of 0.109, 0.09,
and 0.115 for GO1, GO2, and GO3, respectively, which is
caused by the extensive oxidation process. It is observed that
the GO particles prepared with different oxidization processes
exhibit an ID/IG ratio nearly similar to one another.
The increase of ID/IG from 0.07 (graphite) to 0.115 (GO3)
confirms the grafting of oxygen-containing functional groups
to the graphitic planes [41].
On the other hand, the I2D/IG ratios are 0.417, 0.362, and
0.37 for GO1, GO2, and GO3, respectively, due to the weak
graphene crystallinity. It is also visible that the 2D peak shifts
to smaller wavelength and exhibits slightly enlarged band-
width when the graphite source is exfoliated to MLG and also
with the oxidization processes [27, 33].
By comparison, in the Raman spectra of the investigated
samples in Figure 4, it can also be observed that the G peaks
in the GO samples are shifted to a slightly higher wave num-
ber (from 1564 cm−1 for graphite to 1578 cm−1 for the GO
samples) owing to the oxygenation of graphite, resulting in
the formation of sp3 carbon atoms. The D peak in GO is
broadened due to the reduction in size of the sp2 domains by
the generation of defects and distortions during oxidation [41,
42].
4. Conclusions
GO powder were successfully prepared from commercially
available graphite powder by applying appropriate exfoliation,
chemical, and thermal oxidization processes.
The SEM images revealed that the MLG powder consisted
of wrinkled lamellar and multilayered structure of particles,
while the GO particles showed different morphology with
smaller-sized platelets, which were well oriented and parallel.
The edges of the platelets became corrugated upon oxidiza-
tion, and the ultrasonication visibly reduced the size of the
GO particles even more. The TEM structural characterization
proved a quite similar morphology in the case of half a micron
rectangular GO parts, whereas the appearance of nanosized
disordered regions with different morphology can also be no-
ticed due to oxidation. The characteristic D, G, 2D, and4D + G peaks of graphene and GO materials appeared in the
Raman spectra for all the samples. The GO samples had D
peaks with higher intensity than the MLG particles, and their
intensity increased with oxidization processes.
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